M ultiple sclerosis (MS)
3 is a complex disease represented by several pathophysiological processes. Previous studies have revealed the heterogeneity of the disease, displayed by different clinical disease courses and different responses to therapy, as well as the existence of four pathogenetic mechanisms of demyelination (1) (2) (3) . One of these pathogenetic subtypes is characterized neuropathologically by Ab-dependent immune mechanisms involved in the formation of MS lesions (1, 4) .
In the past, an important role of autoreactive B cells and autoantibodies has been demonstrated (5, 6) . Recent studies uniformly showed clonal expansion of Ab-secreting B cells in the CNS and cerebrospinal fluid (CSF) of patients with MS (7) (8) (9) (10) (11) . Furthermore, detection of oligoclonal Abs in CSF of MS patients is an important diagnostic marker in MS (12, 13) . It is generally accepted that a single marker is unlikely to serve as a general diagnostic or prognostic tool to cover the heterogeneity of the disease. Therefore, the development of a panel of biomarkers, specific for different pathophysiological mechanisms, will be crucial for the further understanding of the pathogenesis of MS, as well as for diagnosis, classification, evaluation of disease activity, and theranostic applications.
The search for biomarkers in bodily fluids such as CSF and serum of MS patients has been the focus of many studies. Numerous studies have reported the recognition of CNS myelin autoantigens such as myelin basic protein (MBP), proteolipid protein, myelin oligodendrocyte glycoprotein, and myelin-associated glycoprotein by autoantibodies present in CSF and serum of MS patients, but also in patients with other inflammatory neurological diseases (OIND) and noninflammatory neurological diseases (NIND) as well as healthy controls (14 -18) . Until now, information on involvement of specific Ags in MS has been limited. More recently, other CNS Ags have been identified that are potential biomarkers in MS (19, 20) . The role of these Ags in MS pathogenesis is currently being further studied.
In the present study, we report the identification and initial characterization of autoantibody binding peptides isolated by "serological Ag selection" (SAS) on a phage display library of cDNA products expressed in MS brain plaques. The results obtained were also correlated to disease duration, disability, and different clinical courses of disease. The autoantibody profiles against these selected peptides can be used as candidate biomarkers for the detection of MS.
NIND (e.g., hernia, epilepsy, dementia, headache, Alzheimer patients) undergoing lumbar puncture for diagnostic purposes. MS patients were diagnosed according to the McDonald and Poser criteria (12) . Paired serum samples were collected from 28 out of 73 MS patients. CSF and serum samples were stored at Ϫ80°C after collection. Informed consent was obtained from the subjects included in the study. The study was approved by the institutional ethics committee.
Cloning of a MS cDNA library for pVI display and SAS of phage pVI-displayed cDNA repertoires
A normalized cDNA library (1.0 ϫ 10 6 primary recombinants) derived from three active chronic MS plaques from one patient, with varying degrees of demyelination and inflammatory activity (gift from Dr. M. B. Soares, University of Iowa), was used to construct a MS cDNA display library by cloning it as a fusion protein with filamentous phage minor coat protein pVI. Therefore, the library was transferred to our phage display vectors, named pSPVIA, pSPVIB, and pSPVIC, with each encoding one of three reading frames. Details of the cloning procedure are described in Ref. (21) .
The SAS procedure was performed as described previously (21) . In brief, CSF samples of 10 randomly selected untreated relapsing-remitting (RR)-MS patients were pooled and used for affinity selections. Before the start of the selection procedure, CSF samples were absorbed against Escherichia coli and phage components as described in Ref. (21) . Following adsorption, pooled CSF was stored at Ϫ80°C. Subsequently, pooled preabsorbed CSF was used for the selection procedure. Affinity selections were performed as described before (21) . In brief, an immunotube (Nunc) was coated with rabbit anti-human IgG (Dako) in coating buffer (0.1 M sodium hydrogen carbonate (pH 9.6)). After washing the immunotube, the tubes were blocked with 2% milk powder in PBS. For the first round of the selection procedure, phage were prepared from the MS cDNA library cloned in the three phage display vectors pSPVIA, pSPVIB, and pSPVIC. Phage were prepared as described previously (22) . Approximately 10 13 phage were added to pooled preadsorbed CSF (1/5 (v/v) diluted in 4% milk powder in PBS) and incubated on a rotating platform. After washing the coated immunotube, the preincubated CSF and phage mix was transferred to the coated immunotube and incubated on a rotating platform, followed by standing at room temperature. Tubes were then washed extensively to remove nonbinding phage. Binding phage were eluted and neutralized as described before (23) . E. coli TG1 cells were infected with output phage and plated on 2xYT agar plates containing ampicillin and glucose (16 g/L bacto-tryptone, 10 g/L yeast extract, 5 g/L NaCl, 15 g/L bacto-agar, ampicillin at 100 g/ml, and glucose at 2%) at each round of selection. Resultant colonies were scraped and phage were rescued for further rounds of affinity selection. To monitor enrichment of specific clones, input and output phage from each round of selection were titrated and the ratio of output/ input phage was determined. After several rounds of selection, individual colonies were selected and the insert size and sequence was determined as described in Ref. (21) . Sequences were submitted to GenBank for basic local alignment search tool homology search.
Phage ELISA
ELISA of ligand-displaying phage was performed as described in Ref. (21) . Immunoreactivity for each phage peptide (OD sample) was measured in relation to an internal control signal (reactivity against the empty phage, or OD background). A ratio of OD sample/OD background Ͼ1.5 was considered positive in the ELISA. CSF samples were diluted 1/3 (v/v) and serum samples 1/100. Most CSF and serum samples tested showed equivalent total serum and CSF IgG concentrations. CSF IgG concentrations Ͼ10 mg/dl were diluted to normal reference values. For competition ELISA, CSF was preincubated in the presence of 0 -50 pmol/50 l synthetic peptide UH-CSFP1.1 (ASSRGYEDLRTF) or random peptide. Subsequently, the immunoreactivity to phage UH-CSFP1.1 was determined according to the standard phage ELISA procedure.
Northern blot analysis
Plasmid was isolated using the Qiagen Plasmid Midi Kit (Qiagen) according to the manufacturer's instructions. The isolated plasmid was EcoRI/ NotI-digested and the excised DNA was gel-purified (GFX PCR DNA and gel band purification kit, GE Healthcare).
The excised DNA fragment was used as probe in Northern blot. Probes were labeled with [␣-32 P] using the High Prime DNA labeling kit (Roche). Briefly, 50 ng excised DNA was first denatured during 10 min in boiling water and immediately chilled on ice. The labeling mix was added to the DNA and after 45 min incubation at 37°C, the reaction was stopped by addition of 0.2 M EDTA. Labeled DNA was purified with Sephadex G75 columns, and radioactivity was measured with a scintillation counter.
Northern blotting was performed using the multiple tissue Northern (MTN) blot (BD Biosciences). Briefly, labeled DNA or human ␤-actin cDNA control probe was denatured at 97°C during 5 min and immediately chilled on ice for a few minutes. After prehybridization of the blotting membrane with ExpressHyb solution (BD Biosciences), the radioactively labeled probe was added (2-10 ng/ml or 1-2 ϫ 10 6 cpm/ml) and hybridization occurred overnight at 68°C. After washing three times, the blotting membrane was exposed to x-ray film at Ϫ70°C and developed using the Gevamatic 60 (Agfa-Gevaert).
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 4.0. Quantitative demographic variables for Ab-positive and Ab-negative individuals were compared using t tests, and categorical variables were compared using 2 tests. A p value Ͻ0.05 was considered statistically significant.
Results

Enrichment of a phage-displayed MS cDNA library with MS CSF
To create a MS cDNA display library, a normalized cDNA library derived from active, chronic MS plaques with varying degrees of demyelination and inflammatory activity, which was originally cloned into the pT7T3-Pac vector, was cloned into the M13 filamentous phage display vectors pSPVIA, pSPVIB, and pSPVIC. These vectors allow expression of cDNA products (peptides) derived from MS brain plaques as a fusion to minor coat protein pVI of filamentous phage M13 in three reading frames for correct expression of the protein products. A total library size of 1.1 ϫ 10 7 CFU was obtained. Sequencing of the resulting MS cDNA display library showed the presence of known candidate MS Ags such as MBP and proteolipid protein, cDNA sequences that were associated with immune activation, and unknown genes.
To enrich the MS cDNA display library for cDNA products (displayed peptides) that are specifically bound by autoantibodies present in CSF of MS patients, we performed successive rounds of selection on pooled CSF of 10 randomly selected RR-MS patients. Characteristics of the patients used for affinity selections are shown in Table I . Following rescue of the phage clones after each of four rounds of selection, enriched phage clones, each bearing a single fusion peptide derived from the MS cDNA display library, were randomly selected for further study.
Characterization of the enriched phage clones
Among the enriched clones, a total of 52 clones were selected. cDNA inserts were sequenced and the translated protein sequences were determined. Sequence analysis revealed eight antigenic targets, which we annotated with the name UH-CSFP-number, which is short for University Hasselt-CSF pool-number of the clone. These sequences corresponded to known proteins expressed in the correct reading frame, but also homology to untranslated regions of expressed genes, such as the 3Ј untranslated region sequence (3Ј UTR) of proteolipid protein, or homology to out-of-frame sequences were obtained (see Table II ). The phage peptides encoded by untranslated regions of expressed genes or out-of-frame sequences were aligned to protein databases in National Center for Biotechnology Information (NCBI) using NCBI BLAST and revealed protein identities that significantly match peptide sequences (see Table III ). The size of the putative CSFreactive epitopes ranged from 11 to 121 amino acids.
In initial experiments, we assessed the reactivity of the individual MS CSF specimens used for the selection procedure against the eight enriched antigenic peptides. As shown in Table IV , of the 10 CSF samples from RR-MS patients, 8 contained Abs that reacted with at least one phage-peptide clone. These clones were used for subsequent screening on a large panel of CSF from other MS patients as well as CSF from patients with OIND and NIND.
Of the 10 RR-MS patients used for the selection procedure, paired serum samples were available for 8 patients and were used for screening for Ab reactivity toward the eight enriched antigenic peptides. In three of eight patients with Ag-specific Abs present in CSF, reactivity toward one of the eight antigenic cDNAs was also found in paired serum. Quantitative differences did not appear to be due to variations in total CSF/serum IgG, because after normalizing all CSF/serum samples to the same IgG concentration, the same results were obtained as when CSF samples were diluted 1/3 (v/v) and serum samples 1/100. Fig. 1 represents an ELISA screen of the immunoreactivity of paired CSF-serum samples adjusted to the same IgG concentration tested to UH-CSFP1.1. Reactivity toward this clone was found in two MS CSF samples (MS-CSF4 and MS-CSF8) and also in the corresponding sera. For MS patient 8, the signal on CSF tested was much higher than that on serum, which is consistent with the dilution of the Ag-specific Abs present in the serum, when Abs are intrathecally produced. However, for MS patient 4, higher reactivity was found in serum. Additionally, no reactivity in paired serum samples was demonstrated in patients with Ab-negative CSF. a Phage peptides/proteins corresponding to UTRs of expressed genes or out-of-frame sequences in the coding region of known genes were aligned to protein databases in National Center for Biotechnology Information (NCBI) using NCBI basic local alignment search tool (BLAST). Protein identities are known proteins that significantly match the peptide sequence. All sequences are annotated using BLAST analysis.
b Significant homology of the peptide to a protein annotation in the public domain. For large open reading frames, homology searches were performed based on searches for nearly exact matches.
Detailed serological analysis of the MS panel
Next, clones were tested on a large panel of individual CSF specimens not used for the selection procedure (n ϭ 63 for MS patients (54 RR-MS, 3 secondary progressive (SP)-MS, and 6 primary progressive (PP)-MS patients), n ϭ 30 for OIND patients, and n ϭ 64 for NIND patients). Characteristics of the study population are shown in Table V . The results of the phage ELISA screening of the individual phage-cDNA clones on 167 different CSF are presented in Table VI . All Ags tested showed exclusive or preferential reactivity in the MS group as compared with the control group. Reactivity to at least one of the clones UH-CSFP1.4 -UH-CSFP1.7 was demonstrated in 17 of 73 (23%) MS CSF, whereas no reactivity toward the OIND and NIND CSF specimens was observed. Reactivity to at least one of the remaining clones (UH-CSFP1.1-UH-CSFP1.3 and UH-CSFP1.8) was higher in the MS group (25/73 (34%)) as compared with the control group (13/94 (14%)), and therefore these clones were also defined as clones with a MSrelated serological profile.
In total, 33 of 73 (45%) MS patients showed CSF IgG Abs reactive with at least one of the panel of eight antigenic targets. The highest frequency of Ab responses in MS CSF with no reactivity in the control group was found in UH-CSFP1.6. All CSF samples tested showed equivalent total CSF IgG levels. CSF samples with high IgG concentrations were normalized to the normal CSF concentration range.
To determine whether the observed autoantibody signature of MS CSF is due to the MS brain plaque-derived peptides, two MS CSF specimens (one positive (MS-CSF8) and one negative (MS-CSF26) for UH-CSFP1.1) were preincubated with the synthetic peptide UH-CSFP1.1 (ASSRGYEDLRTF) representing the cDNA insert of clone UH-CSFP1.1 and with a nonspecific (random) peptide. As shown in Fig. 2 , preincubation with UH-CSFP1.1 peptide clearly inhibited the formation of specific IgG Ab/phage UH-CSFP1.1 complexes for MS-CSF8, while no inhibition was found for MS-CSF26. In contrast, CSF reactivity against clone UH-CSFP1.1 was not inhibited by addition of the random peptide.
Finally, we tested whether immunoreactivity against the antigenic targets is persistent. Therefore, a comparative ELISA screening was performed on CSF specimens collected at different time points (1 year after first CSF collection) in some of the patients. At present, we observed the same level of reactivity toward two antigenic targets (UH-CSFP1.1 and UH-CSFP1.2) in CSF collected 1 year after initial CSF collection as compared with the first CSF specimen tested (data not shown).
Expression pattern of novel MS markers
Northern blot analysis of the antigenic targets with no reactivity in the control group was performed on a variety of normal human tissues. UH-CSFP1.4 gave a transcript of 1.9 kb and was highly expressed in brain, heart, and placenta, and to a lower extent in skeletal muscle, kidney, and liver. UH-CSFP1.7 gave a transcript size of 5.1 kb and showed a high expression in brain, heart, and skeletal muscle (Fig. 3) . So far, no transcript could be detected for UH-CSFP1.5 and UH-CSFP1.6.
Autoantibody reactivity and clinical data
We next examined whether reactivity to our antigenic panel was associated with a particular disease phenotype. Autoantibody reactivity to at least one of the eight antigenic targets was demonstrated in 30 of 64 (47%) RR-MS patients, 3 of 6 (50%) PP-MS patients, and 0 of 3 SP-MS patients. Demographic variables and Expanded Disability Status Scale (EDSS) scores in Ab-positive and Ab-negative MS patients are shown in Table VII . No differences were observed in age between Ab-positive and Ab-negative patients. Ab reactivity could be observed in some patients at time of diagnosis and was present in patients with short disease duration (Ͻ1 year), but also in patients with a disease duration Ͼ10 years. However, no correlation was found between Ab reactivity and disease duration.
To assess the possible correlation between Ab reactivity and disease severity, we examined the relationship between Ab reactivity and EDSS score. Ab reactivity was found in 21 of 50 (42%) of patients with EDSS of Ͻ3, 6 of 11 (54%) of patients with EDSS of 3 or 3.5, and 3 of 5 (60%) of MS patients with EDSS of 4. Although a higher percentage of patients showed reactivity to the panel of eight antigenic cDNAs with increasing EDSS score, this difference was not significant.
Discussion
In this study, we used SAS to identify autoantibody biomarkers in patients with multiple sclerosis. Specifically, we constructed a cDNA phage display library in which cDNA products derived from MS brain plaques were expressed as a fusion to minor coat protein pVI of filamentous phage M13. The MS cDNA display library was panned to identify phage cDNA clones that bind autoantibodies in CSF specimens from MS patients. A panel of eight antigenic targets, which showed a 86% specificity and 45% sensitivity in discriminating MS patients and controls, was retrieved. Besides a possible role in the immediate diagnosis of patients suspected of having MS, the antigenic targets might also assist in subtyping MS patients. Additionally, preliminary finding of autoantibody reactivity in serum of some MS patients confirms the diagnostic potential of these markers.
The search for novel autoantibody biomarkers has risen enormously. Previous studies based on phage display approaches were used to analyze Ab specificity in MS patients (24 -27) . These studies led to the identification of possible target peptides, but after detailed serological analyses, no differences were found between patients and controls (26, 28, 29) . In this study, we combined the use of a library of cDNAs preferentially expressed in MS brain plaques (30) with the strong selective power of the SAS procedure to isolate MS-specific Ags, and we screened these novel targets on a large group of MS patients and controls. To our knowledge, this is the largest panel of antigenic targets identified, which after extensive screening resulted in the identification of Ags with MS specificity. By relying on multiple immunogenic MS-specific antigenic targets, this approach may be an improvement over a single biomarker.
Autoantibody reactivity to at least one of the eight antigenic targets was demonstrated in 45% of MS patients, including RR-MS and PP-MS patients, a finding suggesting that biomarkers are representative for different forms of the disease. To draw conclusions on reactivity in SP-MS patients, screening of a larger group of SP-MS patients is mandatory. The detection of autoantibody reactivity at time of diagnosis, and their presence in serum specimens, demonstrates the diagnostic potential of these biomarkers. Moreover, their persistent presence in CSF underlines their possible relevance as disease markers. Additionally, the finding that a higher, though not significant percentage of patients showed reactivity to the panel of eight antigenic targets with increasing EDSS score is intriguing. This result is in line with a study by Robinson et al., who demonstrated that increased diversity of autoantibody responses in acute experimental autoimmune encephalomyelitis predicted a more severe clinical course (31). However, further studies are needed to determine the association of Ab reactivity and increasing disease score. Four of the antigenic targets showed exclusive reactivity in the MS group as compared with the control group. The remaining four Ags were substantially more reactive with CSF from MS patients than with CSF from controls ( Table VI) . One of these phage clones represents a known protein Homo sapiens sperm-associated Ag 16 (SPAG16). SPAG16 is a PF20 protein homolog, of which five different isoforms exists. Isoform 1 (synonyms PF20 variant 1a) is a sperm-associated WD repeat protein orthologous to Chlamydomonas PF20, which associates with Spag6, the mammalian ortholog of Chlamydomonas PF16. The presence of WD repeats places it in a family of proteins known to mediate protein-protein interactions (32, 33) . Smith and Lefebvre (34) , who localized the PF20 protein at the transverse bridge of the two central microtubules, hypothesized that PF20 is required for central microtubule assembly and/or stability and flagellar motility. In this study, autoantibody reactivity was seen against isoform 4, which is synonymous with PF20 variant 2a. Isoform 4 is detected in brain and testis, and at lower levels in kidney, heart, pancreas, thyroid, ovary, adrenal gland, spinal cord, trachea, and liver. The cDNA clone was identified in a hypothalamus cDNA library, and it encodes a protein product of 183 amino acids (35, 36) . This isoform is completely devoided of WD repeats. Smith and Lefebvre (34) suggested that the PF20 aminoterminal half could be involved in the binding to one central microtubule, although this region does not encode a known microtubule-binding domain. According to this hypothesis, the human PF20 isoform 4 may be implicated in complexes with microtubules in a large panel of cells; however, its specific function remains to be elucidated. At present, we have successfully expressed both partial and full-length SPAG16 protein (data not shown), which allows further investigation into the possible pathogenic role of this protein and the role of anti-SPAG16 Abs in MS pathology.
A particular phenomenon demonstrated in this study was the finding of autoantibody reactivity to novel peptide sequences encoded by transcript variants of genes. In general, several alternative splicing patterns have been reported, which include exon skipping or inclusion, the use of alternative 3Ј splice site exons or 5Ј splice exons, mutually exclusive exons, or intron retention. Ng and colleagues elegantly showed that increased alternative splicing of autoantigen transcripts provides the structural basis of untolerized epitopes (37) . In that study, the extent of alternative splicing within 45 randomly selected self-proteins associated with autoimmune disease was compared with 9554 randomly selected proteins in the human genome by using bioinformatics analysis. Isoform-specific regions that resulted from alternative splicing were studied for their potential to be epitopes for Abs or T cell receptors. The authors demonstrated that alternative splicing occurred in 100% of the autoantigen transcripts, which was significantly higher than the 42% rate of alternative splicing observed in the 9554 randomly selected gene transcripts. Within the isoform-specific regions of the autoantigens, 92 and 88% encoded MHC class I-and class II-restricted T cell Ag epitopes, respectively, and 70% encoded Ab-binding domains. The authors concluded that alternative splicing may be an important mechanism for the generation of untolerized epitopes that may lead to autoimmunity, and that the product of a transcript that does not undergo alternative splicing is unlikely to be a target Ag in autoimmunity. In addition, Yeo and colleagues analyzed variation in alternative splicing across different human tissues (38) . This study distinguished the human brain, followed by testis and liver as having unusually high levels of alternative splicing (38) . This phenomenon of alternative splicing could explain the finding of autoantibody reactivity against some of our antigenic targets, which contained novel epitopes that encoded alternative splicing such as intron retention by a cDNA clone with retained intron for UH-CSF1.7 and novel isoforms of PACSIN for UH-CSF1.5, as well as SPAG16 for UH-CSF1.8. The most intriguing phenomenon appears to be a region of transcript variant 2 of the proteolipid protein 1, which shows 100% homology to UH-CSFP1.2. Using BepiPred analysis (39), we determined the presence of linear B cell epitopes in the protein sequences identified. Seven of eight antigenic targets contained one or multiple linear B cell epitopes, which could explain autoantibody reactivity toward these epitopes.
Apart from alternative splicing, there are several other mechanisms by which Ags can elicit an immune response. These include gene activation, gene overexpression, viral gene expression, gene mutation, or posttranslational modifications. Expression analysis of UH-CSF1.4 and UH-CSFP1.7 showed that high expression was found in normal brain (Fig. 3) . However, a possible overexpression in MS brain could be the mechanism of immunogenicity. Of note, three of the eight clones represented epitopes similar to viral sequences such as BFRA1 (EBV) (see Table III ). Cepok et al. recently reported the identification of peptide sequences derived from EBV proteins as putative targets in MS (40) . In the present study, similarity to other EBV epitopes was obtained. The exact mechanism that leads to immunogenicity of each of the antigenic cDNAs remains to be elucidated.
Overall, all of the antigenic cDNAs identified showed epitopes that could be relevant to the disease process. Interestingly, several clones represented epitopes encoded by cerebral proteins, or epitopes from cDNA sequences originating from brain libraries (see Table III ).
Another explanation for the high homology to known cDNAs, but weak homology on the protein level, could be the occurrence of mimotopes. These represent stretches of amino acids that mimic an Ag but are not homologous at the sequence level. Autoantibody reactivity toward these mimotopes has been demonstrated by several studies (40, 41) . Additionally, of both known and novel protein products identified, we and others succeeded in correct expression of the protein products (40) . Further characterizations of these markers using other experimental platforms are under way.
In conclusion, we have described the use of the SAS procedure for the discovery of autoantibody biomarkers in MS. For the first time, we report the identification of a panel of antigenic targets specifically interacting with Abs present in MS patients. The presence of these Abs in different MS subtypes, found at an early stage in a subset of MS patients, and increasing reactivity toward the antigenic targets with clinical disability demonstrate the diagnostic and prognostic potential of these novel biomarkers. In the future, screening for Ab reactivity toward the identified antigenic targets may play an important role in selecting MS patients who may benefit from specific therapies such as tolerization or B cell-directed therapies (42) (43) (44) (45) .
